Structural and elastic properties of Ba 2 P 7 X (X=Cl, Br, I) ( Barium Phosphide Halides) Zintl compounds have been investigated using the pseudo-potential plane-wave (PP-PW) method based on the density functional theory (DFT) within the generalized gradient approximation (GGA-PBESOL). The calculated lattice constants and internal parameters are in a good agreement with the experimental results reported in literature. In this paper, we present an investigation of the relative changes of the structural parameters and elastic constants as function of hydrostatic pressure. Isotropic elastic moduli and their related properties for single-crystal and polycrystalline phase, including the namely bulk modulus, shear modulus, Young's modulus, Poisson's ratio, elastic anisotropy indexes, Pugh's indicator of brittle/ductile behavior, elastic wave velocities and Debye temperature have been estimated from C i j using Voigt, Russ and Hill approximations. Two different methods have been used to study the elastic anisotropy of these compounds.
Introduction
Polyphosphides are known to form a variety of crystalline structures with different elements [1] [2] [3] . The electronic structures of polyphosphides can be rationalized by the application of the Zintl concept [4, 5] . Classic Zintl phases usually contain a class of intermetallic compounds that are made up of electropositive elements (alkali and alkali-earth metals), in which valence electrons are given by electropositive atoms to more electronegative atoms from groups 13 and 15 [4] . These latter can be gained their electron octet by forming chemical bonds and by having pairs of free electrons. In A 3 P 7 , (A = alkali metal) an electron is given from each atom A to allow the formation of the cage P −3 7 [1, 6] , in Ba 3 P 14 , three Ba atoms each give two electrons to allow the formation of two cages P −3 7 [7] , in Ba 2 P 7 Cl Zintl salt, the total charge of two Ba +2 cations is compensated by a combination Cl − of and P −3 anions. Juli-Anna Dolyniuk and Kirill Kovnir [1] have shown that the Ba 2 P 7 Br and Ba 2 P 7 I isostructurally include the family of P −3 7 structures. A large number of Zint compounds have recently been synthesized and these structures offer abundant and interesting physical properties, such as semi-conductivity, superconductivity. In a recent experimental study, Juli-Anna Dolyniuk and Kirill Kovnir [1] synthesized the new Zintl phase Ba 2 P 7 X We have used the experiment lattice constant to start calculating the parameters of the lattice (a, b and c), the angle β and the internal atomic coordinates. The calculated equilibrium crystal parameters for Ba 2 P 7 X are presented in table 1 and table 2 along with the available experimental data [16] for the sake of comparison. One can observe an excellent agreement between the calculated and experimental values of the parameters of the lattice (a, b and c) and the angle β, the maximum relative difference between the calculated values and their corresponding measured values is very small. In addition, the calculated and the measured atomic internal coordinates of all atoms of the unit cell match each other well. This excellent matching serves as a proof of the reliability and accuracy of the chosen calculation method and provides confidence in the results of the following calculations of the structural and elastic properties of the considered system. We note that the unit cell volume of Ba 2 P 7 I is wider than that of Ba 2 P 7 Br which is larger than that of Ba 2 P 7 Cl, which can be attributed to the fact that the I atom radius is larger than that Br than that greater than that of Cl atom, i.e., the unit-cell volume of ternary compounds of Zintl type increases when moving down in column VII of the periodic table.
In order to objectively study the chemical and structural stability of the monoclinic ternary Ba 2 P 7 X, the cohesive energy E coh and formation enthalpy ∆H are calculated using the following expressions [17] :
Where these quantities E Ba 2 P 7 X Tot , E Ba(atom) Tot , E P(atom) Tot and E X(atom) Tot represent the total energy of the primitive cell of Ba 2 P 7 X and the total energies of the isolated Ba, P and X atoms, respectively. N Ba , N P and N X are the number of Ba, P and X atoms in the primitive cell, respectively. The energy of the free atom was calculated using a cubic box with a large lattice constant that contained the considered atom. The formation enthalpy ∆H of Ba 2 P 7 X was calculated using the following expression [17] :
Here, E Ba(solid) Tot , E P(solid) Tot and E X(solid) Tot denote the total energies per atom of the solid states of the pure elements Ba, P and X, respectively. The thermodynamic and chemical stabilities of the Ba 2 P 7 Cl, Ba 2 P 7 Br and Ba 2 P 7 I compounds can be judged from their formation enthalpies and cohesive energies. As can be seen from table 1, three considered compounds monoclinic Zintl phase have negative cohesive energies and formation enthalpies, indicating that they are energetically stable. The most frequently used methods of testing the reliability of the obtained theoretical results consist in comparing the numerical values of a property obtained by different theoretical procedures. For this problem, the bulk module B was used as a test parameter. The calculations of the unit-cell volume V and the total energy E Tot of a solid for different values of the pressure P provide a convenient method for estimating the bulk modulus B and its pressure derivative B . For this purpose, the structural parameters of the test compounds were calculated at fixed applied hydrostatic pressures in the range of 0 to 15 GPa with a pitch of 5 GPa, such an option being implemented in the CASTEP code and makes it possible to find an optimized structure at any axial or hydrostatic pressure, so that the hydrostatic pressure can significantly affect the physical properties of the materials. One of the most obvious manifestations of the effect of the application of hydrostatic pressure to a material is a decrease of its volume and lattice constants. Figure 2 demonstrates the dependence in pressure of the normalized lattice constants (a/a 0 , b/b 0 and c/c 0 ), the normalized unit-cell volume (V/V 0 ) and the normalized angle β (β/β 0 ). We have fitted these quantities a/a 0 , b/b 0 , c/c 0 and (V/V 0 ) (where a 0 , b 0 , c 0 and V 0 are the lattice parameters and unit-cell volume at zero pressure) using a polynomial expression in the following form: 
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We observe a third-order polynomial dependence in all curves as the pressure increases from 0 GPa to 15 GPa. Cellular axes and volume decrease with pressure while B/B 0 increases. Moreover, we can see that the ratio b/b 0 decreases more rapidly than a/a 0 and c/c 0 in the three materials, respectively, which indicates that the axis b is much more compressible than the axes a and c. The deduced values of compressibility Bx = − 1 x dx dP . From the fit, for the three materials Ba 2 P 7 X (X = Cl, Br, I), respectively. The following relations were obtained from these calculations:
for the Ba 2 P 7 Cl: B a = 0.00885 GPa −1 , B b = 0.01102 GPa −1 , B c = 0.00888 GPa −1 and B V = 0.02831 GPa −1 . The obtained polynomials the fit are:
for the Ba 2 P 7 Br:
The obtained polynomials the fit are: for the Ba 2 P 7 I: B a = 0.00865 GPa −1 , B b = 0.0119 GPa −1 , B c = 0.00829 GPa −1 and B V = 0.02879 GPa −1 .
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The obtained polynomials the fit are:
When the pressure changes from 0 to 15 GPa, a, b and c decrease approximately 8 %, 9 % and 6 %, respectively, in the three materials Ba 2 P 7 X (X=Cl, Br, I). Consequently, the axis b is the most compressible under external pressure, and the c axis is the least compressible; the effect of the pressure on the axis b is much greater than on the c axis. Thus, Ba 2 P 7 X is anisotropic in compressibility.
In the present work, the pressure versus volume (P − V) data were fitted to the Birche Murnaghan [18, 19] , Murnaghan P − V EOS [20], and Vinet exponential equations of state [21] equation of state, and the energy versus volume (E Tot − V) data were fitted to the Birche Murnaghan [22] and Murnaghan equations of state [23] . Figure 3 shows the obtained results from the bulk modulus B and its pressure derivative B is given in table 3. One can appreciate the good agreement between the values of the bulk modulus B obtained from different procedures, the linear compressibilities (B a , B b and B c ), the volume compressibility (B V ) and the EOSs fits. This constitutes a good proof for the reliability of our calculations. The obtained bulk modulus values in our work will be compared to the corresponding ones that will be achieved from the elastic constants later on. 
Elastic properties

Single-crystal elastic constants
Elastic constants C i js of materials are important parameters because they provide information on their response when a stress is applied to the material [24] .
For monoclinic crystals, there are 13 independent elastic constants, namely, C 11 , C 22 , C 33 , C 44 , C 55 , C 66 , C 12 , C 13 ,C 15 , C 23 , C 25 , C 35 and C 46 . When the C 11 , C 22 and C 33 represent the stiffness of the material when a uniaxial stress is applied along the principal X, Y and Z axes, respectively. C 44 measures the shear elastic modulus along Y -axis on Z-plane; C 55 measures the shear elastic modulus along Z-axis on X-plane. Thus, C 66 represents the shear along X-axis on the Y -plane. The complete set of the calculated independent elastic constants C i js of the Ba 2 P 7 Cl, Ba 2 P 7 Br and Ba 2 P 7 I compounds. The present work is the first attempt to calculate the elastic constants C i js of the title compounds. No experimental or theoretical values for these quantities are reported in the literature, which is why comparison with other results is not possible. From the obtained results, we can make the following conclusions: (i) The values C 11 , C 22 and C 33 are noticed to be larger than the ones of C 44 , C 55 , C 66 , C 12 , C 13 , C 15 , C 25 , C 35 and C 46 , which denotes that the considered system is of a bigger resistance to unidirectional compression than to shear deformation.
(ii) The stiffness-to-uniaxial stress along the crystallographic a, b and c axes, respectively, is replicated by C 11 , C 22 and C 33 elastic constants. For three compounds Ba 2 P 7 Cl, Ba 2 P 7 Br and Ba 2 P 7 I, the obtained values for elastic constants C 11 , C 22 , C 33 under external pressure of 0 to 15 GPa by 5 GPa step are roughly equal when 0 GPa is pressed, but with an external pressure variation of 0 to 15 GPa, we observe an increase of C 11 , C 22 et C 33 , with C 22 increase of about 64 % compared with C 33 , C 11 values, which is an increase by less than 64 % for the three compounds B 2 P 7 X(X=Cl, Br, I) indicating that the three compounds are relatively more compressible when compressed along the [010] crystallographic directions than along the [100] and [001]. These results agree totally with the results already obtained from the study of the pressure dependence of the lattice parameters.
(iii) To be mechanically stable, the calculated zero-pressure single-crystal elastic constants C i js of monoclinic crystals should satisfy the following stability criteria [25] :
(3.9) Thus, we can assert that the monoclinic Zintl phase Ba 2 P 7 X is in a mechanically stable state. (iv) The crystal's mechanical stability at any pressure, which requires strain energy to be positive, is confirmed when the set of elastic constants C i js responds to special restrictions. This criterion is fulfilled if a symmetric matrix G i j is of a positive determinant [26] . The symmetric matrixG i j for any structure type is defined as follows:G .
(3.10)
Here,C αα =C αα − P, where α=1, 2, . . . , 6, andC 12 = C 12 + P ,C 13 = C 13 + P,C 23 = C 23 + P. The calculated values for the C i js of the monoclinic Ba 2 P 7 X (X= Cl, Br, I) compounds in the pressure range of 0-15 GPa obey these conditions well, which means that this compound remains mechanically stable in the considered pressure range.
(v) Figure 4 shows the pressure dependence of the 13 independent elastic constants of the monoclinic compounds for pressures up to 15 GPa. Apart from C 25 and C 46 , the remainder of the elastic constants C i j increase monotonously with an increasing pressure but with different sensitivities. C 25 and C 46 decrease monotonously with an increasing pressure. The lines represent the second-order polynomial fits to the results. The fit results given by the following expressions for the three compounds Ba 2 P 7 Cl, Ba 2 P 7 Br and Ba 2 P 7 I, respectively, are as follows: (3.13)
Elastic constants for polycrystalline aggregates
The three pairs of isotropic elastic parameters such as bulk modulus B with the shear modulus G or the modulus of Young E with Poisson's ratio δ or both Lamé's constants λ and µ can be used to fully describe the mechanical behavior of a polycrystalline material.
The elastic constants C i js in our paper have been estimated from ab initio PP-PW calculations for Ba 2 P 7 X monocrystalline. These elastic constants C i j of the single-crystal are used to obtain the isotropic elastic parameters. The mass modulus B, which measures the resistance of the solid to the volume changes under the applied hydrostatic pressure. The isotropic shear modulus G is a measure of resistance to reversible deformations caused by deformation. The shear strain can be determined experimentally on a polycrystalline sample to characterize its mechanical properties. Theoretically, B and G of the material's polycrystalline phase can be obtained from the appropriate average of the independent elastic constants C i js of its monocrystalline phase. The modulus of elasticity averaged by orientation B and G can be calculated using the Reuss-Voigt-Hill approximations [14, 15] . Here, the Voigt (B V , G V ) and Reuss (B R , G R ) approximations represent extreme values for B and G; and are expressed as follows [25] :
(3.14) Hill recommends that the arithmetic mean of these two limits (Voigt, Reuss) should be used in practice as an effective module for polycrystalline samples.
( (i) From tables 3 and 4, one can see that the value of the bulk modulus for Ba 2 P 7 X deduced from the single-crystal elastic constants C i js is in good agreement with those calculated from the third order polynomial P(V), Birch-Murnaghan P(V) EOS, Vinet P(V) EOS, Murnaghan P(V) EOS, Birch-Murnaghan E(V) EOS and Murnaghan E(V) EOS fits ( figure 3 ). This similarity may serve as an estimate of the reliability and accuracy of this theoretical estimation of the elastic constants for the monoclinic Zintl phase Ba 2 P 7 X. We can see that the bulk modulus of the considered material is quite small (lower than 50 GPa), and therefore, this material should be classified as a relatively soft material with high compressibility (higher than 0.02) [27] .
(ii) The Young's modulus, which is defined to be the ratio of linear stress to linear strain, may give information as to the stiffness of the material. The Young's modulus of Ba 2 P 7 X was discovered to approximate 48 GPa in the same order of C 11 , C 22 and C 33 values, which indicates the relatively high resistance of this compound to uniaxial deformation (compression/traction); thus, these compounds show a rather low stiffness. The highest Young's modulus belongs to Ba 2 P 7 Cl compound. Therefore, this compound is harder than the other compounds.
(iii) The Poisson's ratio is the factor that measures the stability of a crystal against shear [28] , defined as the ratio of transverse strain (normal to the applied stress) to the longitudinal strain (in the direction of the applied stress), is generally connected with the volume change in a solid during uniaxial deformation and provides more information on the characteristics of the bonding forces than any of the other elastic 33702-10 constants [27, 29, 30] . If δ is equal to 0.5, no volume change occurs, while if it is lower than 0.5, a large volume change is expected for any elastic deformation [31] , and it has been proved that δ =0.25 is the lower limit for central force and δ = 0.5 is the upper limit. In our case, the value of δ is approximately 0.30 in Ba 2 P 7 X, suggesting that a considerable volume change can be associated with elastic deformation and that the interatomic forces in this compound are central.
(vi) The bulk and shear moduli provide information regarding the brittle-ductile nature of a material. Pugh [32] has proposed a simple empirical relationship between the bulk modulus B H and shear modulus G H . According to these criteria, the calculated value of B H /G H is higher than 1.75, which may be associated to the ductility; whereas a value lower than 1.75 is associated to brittleness. Based on Pugh's criteria, the three considered compounds Ba 2 P 7 X are ductile materials.
(v) The Debye temperature θ D is used to distinguish between high and low temperatures for a solid in the Debye model. The Debye temperature θ D is correlated with many physical properties, such as thermal expansion, melting point and Grüneisen parameter. The flow temperature θ D can be estimated numerically from the mean speed of the sound wave V m as follows [33] :
where, h is Planck constant, k B is Boltzmann constant, N A is Avogadro number, ρ is the mass density, M is the molecular weight and n is the number of atoms in the molecule. In polycrystalline materials, the average wave velocity V m can be evaluated as follows [33] :
Here, V L and V T are the average longitudinal and transverse elastic wave velocities, which are defined by Navier's equations [34] :
The results obtained for θ D and average sound velocities are listed in table 4. The sound velocity in the Ba 2 P 7 Cl compound is higher in the two compounds Ba 2 P 7 Br and Ba 2 P 7 I, like Debye temperatures (θ D ) values. Therefore, it can be said that the sound conductivity of Ba 2 P 7 Cl is better than that of other compounds.
From this table, it can be seen that Ba 2 P 7 X is characterized by a high Debye temperature equal to 260 K, the Debye temperature, the behavior of the sound velocity, the Young's modulus E, the Poisson's ratios δ and the Pugh B H /G H ratio under the effect of pressure are shown in figure 5 , this figure shows that all these physical parameters increase with an increase of the pressure and are well adjusted by a second order polynomial equation for the three compounds Ba 2 P 7 CL, Ba 2 P 7 Br, Ba 2 P 7 I, respectively: (3.23)
Elastic anisotropy
The anisotropy of the physical properties in the crystals and a correct description of the anisotropic behavior, and the elastic anisotropy is another interesting physical parameter with respect to the elastic properties of the solids. It reflects the anisotropy in the bond between the atoms in different crystallographic directions. Anisotropic characters of binding and structural stability are usually defined by the elastic constants C i js . These constants have been often related to the shear modulus G and Young's modulus E. We have previously reported that the three Ba 2 P 7 X materials are anisotropic in terms of compressibility (figure 2). It is important to evaluate the elastic anisotropy of a solid to understand the micro cracks that are easily induced in materials due to a significant anisotropy of the coefficient of thermal expansion as well as the elastic anisotropy [29] and its influence on nanoscale precursor textures of alloys [35] . Different approaches were developed to describe the materials' elastic anisotropy. Four different criteria were employed to quantify the anisotropy of the elastic properties of the Ba 2 P 7 Cl, Ba 2 P 7 Br and Ba 2 P 7 I compounds.
(i) A method of measuring the elastic anisotropy which consists in considering the percentage of 33702-12 anisotropy in the compression and shear modulus was proposed by Chung and Buessem [36] :
where B and G are the bulk and shear moduli, respectively, and the subscripts V and R represent the Voigt and Reuss bounds, a value of zero (0 %) represents elastic isotropy and a value of (100 %) represents the largest possible elastic anisotropy. The results shown in table 5 for A B and A G suggest that Ba 2 P 7 Cl, Ba 2 P 7 Br and Ba 2 P 7 I compounds are anisotropic.
(ii) A universal anisotropy index A U was proposed by Ranganathan and Ostoja-Starzewski [37] to quantify the elastic anisotropy of three crystals accounting for bulk and shear modulus contributions. The index A U is delimited as follows:
For isotropic crystals, the universal index is equal to zero (A U = 0); the deviation of A U from zero defines the extent of the anisotropy of a crystal. The results listed in table 5 for A U indicate that Ba 2 P 7 Cl, Ba 2 P 7 Br and Ba 2 P 7 I have a certain degree of elastic anisotropy. 
Conclusions
In this paper, a prediction of some physical properties of the monoclinic Zintl phase Ba 2 P 7 X (X=Cl, Br, I) was obtained by using the PP-PW method based on DFT with the GGA PBEsol approach. At first, an accurate geometrical optimization was performed on the crystal structure, and then the structural and elastic properties of the three materials Ba 2 P 7 Cl, Ba 2 P 7 Br and Ba 2 P 7 I were calculated in detail respectively. The results show that:
• The theoretically predicted lattice parameters for Ba 2 P 7 Cl, Ba 2 P 7 Br and Ba 2 P 7 I are in good agreement with the existing experimental measurements. The calculated zero-pressure single-crystal elastic constants Cijs of Ba 2 P 7 X (X=Cl, Br, I) satisfy the dynamical stability criteria.
• The pressure dependence of the elastic constants reveals that Ba 2 P 7 X (X=Cl, Br, I) remains mechanically stable under hydrostatic pressure effect as well.
• This paper calculates and estimates the elastic constants, and other related quantities consisting in Young's modulus, shear modulus, Poisson's ratio, anisotropy factor, sound velocities, and Debye temperature.
• The material has a relatively small bulk modulus and a brittle character. The bulk modulus derived from the single-crystal elastic constants C i js is observed to be in excellent agreement with the one estimated from the EOS-fitting. This result shows the reliability of our calculations.
• The investigated properties demonstrate that the three compounds are relatively soft materials. •
The elastic constants of three single-crystal and polycrystalline phases of Ba 2 P 7 X were estimated. The Ba 2 P 7 X compounds exhibit a noticeable elastic anisotropy. And finally, by using the empirical rule of Pugh, the B/G ratio, we have demonstrated that the studied compound should be classified as a relatively ductile material.
